In the HR repair pathway, the DSB ends are first resected to produce extended single-stranded DNA (ssDNA) tails by the coordinated actions of a series of helicase and nuclease activities (e.g., MRN, CtIP and EXO1) [1] . CtIP plays a particularly important role in regulating resection, which is mediated through its interaction with BRCA1 [3] . In the following cascade of events, BRCA1 interacts directly with the BRCA2-PALB2 complex, which in turn is recruited to the ssDNA where it acts as a chaperone that stimulates the formation of RAD51 nucleoprotein filaments that drive homology-directed HR repair to restore the integrity of the DNA [4, 5] .
Whereas most HR events take place between the newly replicated sister chromatids, recombination between homologous chromosomes can result in loss of heterozygosity, a potentially mutagenic event that can lead to the inactivation of tumor suppressors or activation of oncogenes. HR must therefore be tightly regulated and effectively suppressed in G1 phase, at the time when only homologous chromosomes are available for repair. At such times, NHEJ is the favored mechanism for DSB repair.
A number of mechanisms regulate HR to a specific phase of the cell cycle. For example, CtIP is activated for interaction with BRCA1 by CDK-dependent phosphorylation, which occurs in the S and G2 phases of the cell cycle. Conversely, HR is suppressed in G1 phase by the pro-NHEJ factors 53BP1 [6] , RIF1 [7] and REV7 [8] , which impair the recruitment of BRCA1 and thereby inhibit DNA end resection. Consequently, disruption of 53BP1 leads to the recruitment of BRCA1 to DSBs in G1 phase. In the recent Nature paper from Durocher's laboratory, Orthwein et al. [2] discovered that although BRCA1 is localized to DSBs during G1 phase in 53BP1-deficient cells, it fails to recruit the BRCA2-PALB2 complex, which is consistent with the lack of HR activity in these cells.
Through immunoprecipitation experiments Orthwein et al. showed that while BRCA2 and PALB2 interact throughout the cell cycle, BRCA1 and PALB2 only interact efficiently in S phase, suggesting that there might be a mechanism that restricts their interaction to S and G2 phases, while also blocking it in G1 phase. The region of PALB2 that is responsible for its cell cycle-regulated interaction with BRCA1 was localized to its Nterminal domain, which corresponds to a known interaction site for KEAP1, a substrate adaptor for the CUL3-RING (CRL3) ubiquitin ligase. Remarkably, they found that deletion of the KEAP1 gene using CRISPR-Cas9 technology restored the BRCA1-PALB2 interaction in G1 cells, and led to the recruitment of BRCA2-PALB2 to sites of DNA damage in 53BP1-deficient G1 cells.
Since KEAP1 is involved in protein ubiquitylation, Orthwein et al. hypothesized that ubiquitylation of PALB2 in the BRCA1-interacting region might block their interaction. Indeed, mutation of lysines in the interacting region of PALB2 restored its interaction with BRCA1 in G1 cells. Furthermore, pulldown experiments showed that ubiquitylation of PALB2 on Lysine-20 by KEAP1-CRL3 prevented its interaction was insufficient to induce productive HR, depletion of KEAP1 or expression of a non-ubiquitylable version of PALB2 led to a robust increase in genetargeting events. Collectively, this study therefore demonstrates that activation of DNA end resection, combined with the recruitment of BRCA2 to DSBs, are both necessary and sufficient to produce HR in G1 cells.
Gene targeting has great potential for therapeutic purposes, but the fact that most cells in the body are non-dividing has so far limited its use [10] . We suspect that the new knowledge highlighted in this work will further improve genetargeting therapies to help fight human diseases.
Kasper Fugger with BRCA1. However, as neither the activity of the KEAP1-CRL3 ubiquitin ligase nor its interaction with BRCA1 is cell cycle regulated, Orthwein et al. reasoned that a deubiquitylation step could be the rate-limiting regulator of the BRCA1-PALB2 interaction. They highlighted the deubiquitylating enzyme USP11 as a potential candidate for this activity due to its interaction with BRCA1, BRCA2 and PALB2, and indeed found that USP11 disruption impaired the interaction between BRCA1 and PALB2. Moreover, they found that USP11 was unstable and interacted poorly with PALB2 in G1 cells, and that USP11 was rapidly lost by proteasomal degradation in G1 phase after DNA damage. By contrast, expression of USP11 in S-phase was high and insensitive to DNA damage. Taken together, these data led the authors to propose that the opposing activities of USP11 and KEAP1-CRL3 regulate cell cycle-dependent interactions between BRCA1 and PALB2 ( Figure 1) .
To extend these remarkable observations, Orthwein et al. disrupted this regulatory network to allow HR in G1 cells. They expected that depletion of KEAP1 in 53BP1-deficient cells might be sufficient for RAD51 foci formation following ionizing radiation (IR), but this was not the case because end resection remained a limiting factor. To counteract this, the authors expressed a constitutively active form of CtIP (T847E) [9] , which augmented resection and led to the efficient formation of IR-induced RAD51 foci in 53BP1-and KEAP1-deficient G1 cells. To address whether these RAD51 foci in G1 cells corresponded to productive HR events, they used a fluorescent-based genetargeting assay. Whereas CtIP (T847E) expressed in 53BP1-deficient cells alone
